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Outline
• CEvNS general features

• Neutrino BSM: 

• Non-Standard Neutrino Interactions (NSI) and CEvNS impact on matter effect.

• CEvNS data can break degeneracies and provide non-trivial oscillation 
information. 

• CEvNS experiments as DM source

• Test high-priority models where DM yields the relic abundance. 



CEvNS = Coherent Elastic 
Neutrino-Nucleus Scattering  

A view of CEωNS
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Fig. 2: Illustration of three types of interactions of a neutrino ωω with a nucleus: inelastic incoherent scattering when εZ0 → 2R,
elastic incoherent scattering when εZ0 ↭ 2R, and elastic coherent scattering (CEωNS) when εZ0 ↫ 2R. Here R is the radius of
the nucleus and εZ0 = h/|ϑq| is the wavelength of the Z0 neutral vector boson, where ϑq is its three-momentum and h is Planck’s
constant.

The measurable CEωNS di!erential cross-section of a
neutrino with a spin-zero nucleus N is

dϑωN
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where Eω is the neutrino energy, and GF is the Fermi
constant. The interaction is characterized by the so-called
“weak charge of the nucleus” QN

W (|ϱq|), a function of the
three-momentum ϱq transferred from the neutrino to the
nucleus that depends on the interaction type. In the SM

QN
W (|ϱq|) = gnV N FN

N (|ϱq|) + gpV Z FN
Z (|ϱq|). (3)

The functions FN
N (|ϱq|) and FN

Z (|ϱq|) are, respectively, the
neutron and proton form factors of the nucleus N , which
characterize the amount of coherency of the interaction
and depend on the neutron and proton distributions in
the nucleus. The coe”cients gnV and gpV quantify the weak
neutral-current interactions of neutrons and protons, re-
spectively. In the SM they are approximately given by1

gnV ↓ ↑
1

2
and gpV ↓

1

2
↑ 2 sin2ςW ↓ 0.022, (4)

where ςW is the weak mixing angle, with sin2ςW ↓ 0.239.
Therefore, the neutron contribution is much larger than
the proton contribution and the CEωNS cross section is
approximately proportional to N2.

Nuclear Physics. – The approximate increase of the
total CEωNS cross-section with the square of the number
of neutrons in the nucleus is shown by the black curve in
Fig. 3. However, one can see that the result of the CO-
HERENT measurement of the total CEωNS cross-section
with the CsI detector lies below the black line and is com-
patible with the green line which takes into account a small
amount of incoherency quantified by a realistic form fac-
tor FN

N (|ϱq|). Indeed, the COHERENT CsI data show a
6ϑ evidence of the nuclear structure suppression of the
full coherence [21].

1
The more accurate numerical values which incorporate the so-

called radiative corrections can be found in [21].
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Fig. 3: Approximate increase of the total CEωNS cross-section
with the square of the number of neutrons N in the nucleus
N (adapted from the Fig. 11 in Ref. [6]). The black curve
shows the increase with N2 in the case of full coherency (i.e.
FN
N (|ϑq|) = 1 in Eq. (3)), whereas the green curve shows the

expected increase which is slightly slower because of a small
amount of incoherency quantified by a realistic form factor
FN
N (|ϑq|). The black dots correspond to the predictions for four

selected nuclei. The blue dots with error bars show the mea-
surements of the COHERENT experiment.

The dependence of the cross-section on the neutron form
factor FN

N (|ϱq|) is a powerful tool for obtaining informa-
tion on the neutron distribution in the nucleus, which
is not well-known. Indeed, while the proton distribution
of most nuclei is known from electromagnetic measure-
ments [22], the nuclear neutron distribution can be probed
only through measurements which employ the strong or
weak forces. The interpretation of the results of experi-
ments with hadron probes which explore the nuclear neu-
tron distribution through the strong force is di”cult, since
the e!ects of strong-force interactions cannot be calcu-
lated with su”cient approximation and the interpreta-
tion can be done only by assuming a strong-interaction
model with all its limitations [23]. On the other hand,
the e!ects of the weak neutral-current interactions, em-
bodied by QN

W (|ϱq|) in Eq. (3), are known with good ap-
proximation. Therefore, weak neutral-current processes as
CEωNS are ideal for probing the nuclear neutron distribu-
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The dependence of the cross-section on the neutron form
factor FN

N (|ϱq|) is a powerful tool for obtaining informa-
tion on the neutron distribution in the nucleus, which
is not well-known. Indeed, while the proton distribution
of most nuclei is known from electromagnetic measure-
ments [22], the nuclear neutron distribution can be probed
only through measurements which employ the strong or
weak forces. The interpretation of the results of experi-
ments with hadron probes which explore the nuclear neu-
tron distribution through the strong force is di”cult, since
the e!ects of strong-force interactions cannot be calcu-
lated with su”cient approximation and the interpreta-
tion can be done only by assuming a strong-interaction
model with all its limitations [23]. On the other hand,
the e!ects of the weak neutral-current interactions, em-
bodied by QN

W (|ϱq|) in Eq. (3), are known with good ap-
proximation. Therefore, weak neutral-current processes as
CEωNS are ideal for probing the nuclear neutron distribu-
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Scattering of nucleons adds coherently when 
the neutrino energy is sufficiently small

[Image: Cadeddu, Dordei, Giunti, Europhysics Letters, Volume 143, Number 3, year 2023 (EPL 143 34001)]
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If there is a weak neutral current, then the elastic scattering process &+A &+A should
have a sharp coherent forward peak just as e+A -e+A does. Experiments to observe this
peak can give important information on the isospin structure of the neutral current. The
experiments are very difficult, although the estimated cross sections (about 10 38 cm2 on
carbon) are favorable. The coherent cross sections (in contrast to incoherent) are almost
energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi-
coherent nuclear excitation processes v+A v+ A*provide possible tests of the conservation of
the weak neutral current. Because of strong coherent effects at very low energies, the
nuclear elastic scattering process may be important in inhibiting cooling by neutrino
emission in stellar collapse and neutron stars.

There is recent experimental evidence' from
CERN and NAL which suggests the presence of a
neutral current in neutrino-induced interactions.
A primary goal of future neutrino experiments is
to confirm the present findings and to investigate
the properties of the weak neutral current, for
example, the space inversion and internal sym-
metry structure.
Our purpose here is to suggest a class of ex-

periments which can yield information on the iso-
spin structure of the neutral current not obtainable
elsewhere. The idea is very simple: If there is
a weak neutral current, elastic neutrino-nucleus
scattering should exhibit a sharp coherent forward
peak characteristic of the size of the target just
as electron-nucleus elastic scattering does. In a
sense we are talking about measurements of the
nuclear form factors of the weak neutral current
analogous to the measurements of the nuclear
form factors of the electromagnetic neutral cur-
rent in elastic electron scattering experiments. '
In fact, for the same nucleus, these form factors
should have the same q' dependence. Therefore,
the size of the cross section or its extrapolated
forward value gi-res information on the structure
of the weak current itself. In the simplest case
(S= 0, Z= N nuclei such as He~ or C") the strength
of the polar-vector isoscalar component of the
weak neutral current is measured directly.
Our suggestion may be an act of hubris, because

the inevitable constraints of interaction rate, res-
olution, and background pose grave experimental
difficulties for elastic neutrino-nucleus scattering.
We will discuss these problems at the end of this
note, but first we wish to present the theoretical
ideas relevant to the experiment:s.
Although the weak neutral current finds a natural

place in the beautiful unified gauge theories, ' it is

important to interpret experimental results in a
very broad theoretical framework. 4 We assume
a general current-current effective Lagrangian

which is consistent with the early findings' but far
from established. An intermediate neutral vector
boson could be included here without affecting the
analysis of the low-momentum-transfer processes
we are interested in.
The currents will first be written in their fund-

amental form as they would occur, for example,
in particular unified gauge models of the weak,
electromagnetic, and strong interactions. We will
then write an expression which is essentially
model-independent and sufficiently general to
parameter ize realistic experiments.
To begin with, we write the neutrino current as

Ip="'Yp(l ou'Y5)& g

where V —A. coupling is not assumed. The had-
ronic current is assumed to be a sum of com-
ponents, each corresponding to a symmetry of
strong interactions. For example, in a model
with the Glashow-Iliopoulos-Maiani (GIM) mech-
anism, ' one would have

g ~1 = b(Zq + os A~) +y(Jq + urAq) + c(Jq + a,Aq)
+ t (J1=1,lg=0+ ~I=1,Is= oAI=LI~=0) . (~)

that is one would have a linear combination of
baryon number, hyperehange, charm, and third
component of isospin. We assume that the polar-
vector currents are conserved and normalized
(at zero momentum transfer) to the corresponding
quantum number s.
Realistic experiments are done with the left-
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*And independently by: V. B. Kopeliovich and L. L. Frankfurt



COHERENT Observation of 
CEvNS

ER

⌫

nucleus

COHERENT Collaboration: First detection of 
Coherent Elastic Neutrino-Nucleus Scattering!

Stopped pion source = low-E neutrinos.  

COHERENT Collaboration, 2017 [1708.01294]. 

Rapid progress:

• LAr (2020). 

• CsI update (2021)

• Ge (2024). 

~ few keV

1) Lorentz Transformations of the Electromagnetic Field

Consider an initial inertial frame K in which the electric and magnetic

fields both lie in the (x→ y) plane. The electric field has a magnitude E0 is

aligned with the x-axis, while the magnetic field has a magnitude B0 = 3E0,

and makes an angle ω with the x-axis.

Part (a):

Find the components of the fields (e.g. E
→
x, E

→
y, E

→
z, B

→
x, B

→
y, B

→
z) in a new frame

K
→
which is moving at speed ε = v/c along the z-axis with respect to the

original frame.

Part (b):

Find the value of ε such that ϑE → and ϑB→ are parallel. Your result should be

a function of the angle ω.

Part (c):

In the ω = ϖ/2 limit, what boost ε is needed to get ϑE → and ϑB→ parallel.

ϱCEωNS ↑ N
2

2



Valentina De Romeri (IFIC UV/CSIC Valencia) - CEvNS IN THE STANDARD MODEL AND BEYOND 25

CEνNS EXPERIMENTS WORLDWIDE

Credit to M. Green @Aspen 2019 Winter Conference

+ SBC (Mexico), NEON (Corea), JSNS2 (Japan) … Valentina De Romeri (IFIC UV/CSIC Valencia) - CEvNS IN THE STANDARD MODEL AND BEYOND 25

CEνNS EXPERIMENTS WORLDWIDE

Credit to M. Green @Aspen 2019 Winter Conference

+ SBC (Mexico), NEON (Corea), JSNS2 (Japan) … 



What can CEvNS do for 
BSM physics?



ν BSM Theory Landscape

New Neutrinos
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v-BSM Landscape @ CEvNS
Sterile Neutrinos: Kosmas, Papoulias, Tortola, Valle [1703.00054];  De Romeri, Miranda, Papoulias, Sanchez Garcia, Tórtola,  Valle 
[2211.11905] 

New Interactions: 

NSI: Barranco, Miranda, Rashba [hep-ph/0508299], Scholberg [hep-ex/0511042], Liao, Marfatia [1708.04255], IMS[1703.05774], 
Coloma, Denton, Gonzalez-Garcia, Maltoni, Schwetz [1701.04828]; Denton, Farzan IMS [1804.03660]; Link, Xu [1903.09891]; 
Denton, Gehrlein [2008.06062]; Chaves, Schwetz [2102.11981]; Coloma, Esteban, Gonzalez-Garcia, Larizgoitia, Monrabal, 
Palomares-Ruiz [2202.10829] ; V. De Romeri, O. G. Miranda, D. K. Papoulias, G. Sanchez Garcia, M. Tórtola, J. W. F. Valle [2211.11905], 
Coloma,  Gonzalez-Garcia, Maltoni, Pinheiro, Urrea [2305.07698]

EM Properties: Cadeddu, Giunti, Kouzakov, Li, Studenikin, and Zhang [1810.05606]; Cadeddu, Dordei, Giunti, Li, Picciau, Zhang 
[2005.01645];  V. De Romeri, O. G. Miranda, D. K. Papoulias, G. Sanchez Garcia, M. Tórtola, J. W. F. Valle [2211.11905], De Romeri, 
Papoulias, Sanchez Garcia, Ternes, Tortola [2412.14991]

“Sterile” + New Interactions:

Dipole portal: Dasgupta, Kang, Kim [2108.12998]; Bolton, Deppisch, Fridell, Harz, Hati, Kulkarni [2110.02233] ; Aristizabal, De 
Romeri, Papoulias [2203.02414],  De Romeri, Papoulias, Sanchez Garcia, Ternes, Tórtola [2412.14991]. 

Neutrino-DM conversion: Brdar, Rodejohann, Xu [1810.03626], Hurtado, Mir, IMS, Welch, Wyenberg [2005.13384 ], Candela, 
De Romeri, Papaoulias [2305.03341]

EFT with Steriles Li, Ma, Schmidt [2005.01543]. 

An incomplete sample: 

https://arxiv.org/abs/1708.04255
https://arxiv.org/abs/1703.05774
https://arxiv.org/abs/1903.09891
https://arxiv.org/abs/2005.13384


Generalizing Fermi

LNSI = �2
⇥
2GF ⇥fP�⇥ (⇤��

⇤⇤⇥)(f�⇤Pf)

Neutrino Flavor f =SM fermion 
P=L,R 

Laid the foundation for the MSW effect and pointed out 
that NSI can modify neutrino propagation.

3

Matter really Matters NSI

⌫ ⌫

f f

• Coherent forward scattering crucial for neutrino oscillations. 
• Oscillation physics constrain neutrino-medium interactions.



Oscillation Degeneracies

• Oscillation data allow large NSI in the “LMA-dark” window. 

standard osc.
✓12 ' 34�

NSI

⌫ ⌫

f f

⇠ " GF

osc.  
degenerate

LMA-dark
45� < ✓12 < 90�

+ " ⇠ O(1)

Scattering data can break this degeneracy.

de Gouvea, Friedland, Murayama [hep-ph/0002064], 
Miranda, Tortola, Valle [hep-ph/0406280],            
Coloma, Schwetz [1604.05772] 



NSI at low masses

NSI

⌫ ⌫

f f

The Atom
e�

p+

e

p

γ

e�

p+

V (r) = � e2

4�r

Coulomb Potential

Non-relativistic 
limit

“Feynman Diagram”

The atom is a composite object, built out 
of an electron and a nucleus. 

It is held together by the electromagnetic 
force, mediated by the photon

How a particle physicist pictures the atom:

⌫ ⌫

Z 0

f f

• Various models on the market involving gauge B & L combinations and/or 
introducing heavy sterile neutrinos. 

[Farzan (2015)], [IMS, Farzan (2015)], [Babu, Friedland, Machado, Mocioiu 
(2017), [Denton, Farzan, IMS (2018)], … 

" GF ⇠ g2

m2
Z0
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MZ 0 [MeV]
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10�3

p
|g

⌫
g q

|

(g⌫)eegq < 0
95% (2 d.o.f.)

COHERENT

BBN + CMB

COHERENT
+10 yrs (SM)

CONUS Ge (SM)

LMA–Dark

e-flavor NSI

• At the time allowed for a narrow viable range for LMA-Dark, ruled out now by 
Dresden-II for e-type NSI (Denton, Gehrlein [2204.09060]). 

For more viable LMA-D 
scenarios see: 

Coloma, Gonzalez-Garcia, 
Maltoni [2009.14220]; 

Chaves, Schwetz 
[2102.11981], 

Denton, Gehrlein 
[2204.09060] 

Denton, Farzan, IMS [JHEP 2018]

NSI at low masses

data contain an interesting ambiguity: alone they cannot distinguish between (1) the classic large-
mixing angle (LMA) solution with ✓12 ' 34

� with ✏
f

↵�
⌘ 0; and (2) ✓12 in the “dark” octant [9]

(45� < ✓12 < 90
�) with large NSI ✏ ⇠ O(1). To distinguish between the standard LMA solution

and this LMA-D (LMA-Dark) [10] regime requires going beyond oscillation data alone.
The most recent new phenomenological probe of NSI comes from the observation of Coherent

Elastic ⌫-Nucleus Scattering (CE⌫NS) by the COHERENT experiment [11]. CE⌫NS is a Standard
Model process wherein a neutrino scatters elastically off an entire nucleus. While the cross section
is large thanks to the coherent enhancement, / A

2, it is difficult to detect due to the low nuclear
recoil energies ⇠ keV required. The COHERENT collaboration [12] reported the first detection of
CE⌫NS at 6.7� [11], in line with SM expectations and therefore offering a new probe of NSI [11,
13, 14]. It has been argued that this data is already sufficiently strong to rule out the LMA-D
solution [13].

In this paper we re-visit the question of whether or not large NSI can still be accommodated
in light of COHERENT data. Our broad conclusion is that it can, though it requires a mediator
that is light compared to the momentum transfers probed at COHERENT. This can be achieved in
model of NSI coming from the exchange of a light Z 0 force carrier [15–17]. For example, with
couplings L � gqZ

0
µq̄�

µ
q + g⌫Z

0
µ⌫̄�

µ
⌫, this yields Eq.(1.1) when the energies of interest are

below ⇤ ⌘ mZ0/
p
g⌫gq. For neutrino-nucleus scattering experiments (such as COHERENT), the

modification to the ⌫-N cross section scales like

d�
NSI

dER

/

8
<

:

g
2
⌫g

2
qmN

m
4
Z0

if mZ0 � q,

g
2
⌫g

2
qmN

q4
if mZ0 ⌧ q.

(1.2)

Crucially however, the impact on neutrino flavor oscillations obeys a different parametric scal-
ing. In particular, since it is the forward coherent scattering of neutrinos on their background that
must be taken into account in oscillations, the modification of the matter potential scales with the
mediator mass as

Vmatt =
g⌫gq

m
2
Z0

nf . (1.3)

Note that for the potential to enter the Coulombic regime one needs mediator . 10
�14

eV [18].
Therefore one can see by comparing Eq. (1.2) and Eq. (1.3) why it is that the mZ0 ⌧ q regime

can be used to offset COHERENT’s sensitivity (which is simply a coupling bound in this case),
while leaving the Z

0 mass unbounded as a knob one can tune to achieve large NSI.
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Background can become an interesting signal

comparison. Because of the lower average energy, the solar
8B neutrino flux-weighted CEνNS cross section is the
lowest one measured to date.
Summary—We performed a blind search for NR signals

from solar 8B neutrinos via CEνNS with XENONnT using
data from two science runs with a combined exposure of
3.51 t × yr. By lowering the S1 and S2 thresholds, we are
able to include NR signals as low as 0.5 keV. Various
techniques are developed to reduce the dominant AC
background. Various calibrations, including 88YBe and
37Ar, are performed to understand the detector response,
signal, and background modeling. The data disfavor the
background-only hypothesis at 2.73σ. The unconstrained
best-fit number of 8B CEνNS signals is 10.7þ3.7

−4.2 , consistent
with the expectation of 11.9þ4.5

−4.2 events, based on the
measured solar 8B neutrino flux from SNO [23], the
theoretical CEνNS cross section with Xe nuclei [25],
and the calibrated detector response to low-energy NRs
in XENONnT. Thus, the measured solar 8B neutrino flux is
ð4.7þ3.6

−2.3Þ × 106 cm−2 s−1, consistent with SNO, and the
measured neutrino flux-weighted CEνNS cross section on
Xe is ð1.1þ0.8

−0.5Þ × 10−39 cm2, consistent with the SM
prediction. As XENONnT continues to take data, more
precise measurements are expected in the future.

Note added—Recently, we noticed the results of the 8B
neutrino flux measurement from the PandaX Collaboration
with a similar statistical significance in [46].
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FIG. 4. !∀2 90% CL isocontours in the #u
ee → #d

ee (left graph) and #u
µµ → #d

µµ (middle graph) and #u
∃∃ → #d

∃∃ (left graph) planes. Results are shown
for the PandaX-4T [paired and unpaired ionization-only signals (US2)] as well as for XENONnT data sets. For comparison results from
combined analysis of COHERENT CsI+LAr data [43] are shown as well. Results for the combined analysis have a strong overlapp with those
from XENONnT so are not displayed. Note that COHERENT measurements are not sensitive to #q

∃∃ NSI parameters.

plings [see Eq. (18)]. However, those differences are small
and to a certain degree smooth out at the event rate level.

We have summarized the 1% level ranges following from
these two analyzes in Tab. III in App. A. It is worth com-
paring these results with those derived recently from a com-
bined analysis of COHERENT data [43]. For diagonal cou-
plings these results are rather comparable to those reported in
Ref. [43]. More sizable deviations are found for off-diagonal
parameters, in particular for #q

eµ and #q

µ∃ where the COHER-
ENT combined analysis leads to constraints that exceed those
found here by about 20%→50%. Thus, these data sets already
provide limits that are comparable with those derived using
COHERENT data. Expectations are then that with forthcom-
ing measurements sensitivities to possible new physics in the
neutrino sector will improve. Most relevant is the fact that
contrary to data coming from stopped-pion sources and/or re-
actors, measurements from solar neutrino data are sensitive to
pure ∃ flavor parameters.

Finally, results for the two-parameter analysis are shown
in Fig. 4. Overlaid are those derived from COHERENT
LAr+CsI combined analysis, in the two cases where they
apply. The combined analysis is not displayed because the
strong overlapp with the XENONnT data result. It is clear
that COHERENT data is moderately more sensitive to NSI
effects, but results from PandaX-4T+XENONnT already pro-
vide complementary information. We understand this behav-
ior as due to smaller statistical uncertainties in the COHER-
ENT data sets, in particular in the last CsI data set release
which largely dominates the fit [43].

V. CONCLUSIONS

Recent measurements of nuclear recoils induced by the 8B
solar neutrino flux by the PandaX-4T and XENONnT collab-
orations have opened a new era for both DM searches and
neutrino physics. Certainly, for DM searches this implies
abandoning the free-background paradigm and adopting new
strategies in the quest for DM. For neutrino physics, on the
other hand, it provides a new landscape of opportunities that
range from precise measurements of the CE&NS cross section
(at energies below those employed in stopped-pion neutrino
sources) to searches of new physics that can potentially be
hidden in the neutrino sector. This would represent a full pro-
gram, complementary to all the other CE&NS related world-
wide efforts.

With a goal of establishing sensitivity to neutrino physics,
in this paper we have studied the sensitivity of the PandaX-4T
and XENONnT data sets to neutrino NSI. We have presented
a full one-parameter analysis as well as a flavor diagonal two-
parameter analysis, the latter with mainly the aim of making
contact with previous results derived using COHERENT data.

In the one-parameter case, our findings show that with
current statistical uncertainties and exposures sensitivities to
flavor-diagonal NSI parameters are comparable to those de-
rived using COHERENT data. Sensitivities to flavor off-
diagonal parameters are less pronounced, but still competi-
tive with those coming from COHERENT measurements. In
the two-parameter case, a comparison with COHERENT re-
cent data analysis demonstrates that with further improve-
ments these experiments have the potential to lead searches
for new physics in the neutrino sector through CE&NS mea-
surements. In particular, and in contrast to reactor or stopped-
pion sources, because of neutrino flavor mixing these exper-
iments are sensitive to pure ∃ flavor observables, providing a

• Sierra, Mishra, Strigari Phys.Rev.D 111 (2025) 5, 055007

NSI induces two 
effects: 

(1) CEvNS 
modification in 
detector 

(2) NSI matter effect
Access to tau-flavor gives unique 
NSI probe at DM experiments.  



Complimentary Light Mediator Bounds

PandaX S2 lower threshold 
implies better bounds than 
PandaX paired search at low 
masses.    
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FIG. 3. Top left: limits on the mass and couplings of a new scalar mediator (see Eq. (12)), from the requirement that
coherent elastic neutrino–nucleus scattering (CEωNS) mediated by this new particle shall not violate the 90% C.L. constraints
from PandaX-4T (light blue) and XENONnT (blue). We show results for both the S1+S2 analysis (solid) and for the S2-only
analysis, but find no significant di!erences in sensitivity. We also show the expected sensitivity of a hypothetical detector with
an exposure of 200 tonne yrs (dark blue dotted). The green region is ruled out by measurements of CEωNS in the cesium iodide
(CsI) detectors of COHERENT. We further show upper limits from the CONUS [60] and Dresden-II [44] experiments. The
parameter region shaded in purple is excluded by Big Bang Nucleosynthesis (BBN) and the Cosmic Microwave Background
(CMB) [61, 62]. Top right: analogous limits on the mass and couplings of a new scalar mediator with couplings to quarks
proportional to the quark masses, see Eq. (13). Bottom left: constraints on CEωNS mediated by a light vector with interactions
given by Eq. (18). For our results, we take bound obtained when allowing for negative product of couplings gqgω .
Our results for positive couplings (when destructive interference with the SM amplitude may take place) can
be found in Fig. 4. Compared to scalar mediators, we further show bounds in shaded orange on a leptophobic vector from
NA62 [63] and MiniBoone [64]. Furthermore, the region within the dotted black line is excluded by a combination of beam
dump experiments from visible decays of a Z→ coupled to baryon number, if further assuming gq = gω . We obtained these bounds
with DarkCast [65], and arise from a combination of ω-CAL [66, 67] and NOMAD/PS191 [68] via ε0 → Z→ϑ. These constraints
are significantly relaxed for vector mediators which do not couple to electrons at tree-level. Bottom right: constraints on
neutrino–electron scattering through a new leptophilic scalar mediator (see Eq. (16)) from the PandaX-4T S2-only analysis.
We compare to limits from BBN, Borexino, CONUS, COHERENT (CsI), and Dresden-II [44, 69].

(for 1 degree of freedom, which implies ω
2

< 2.71).
We find the following upper limits at 90% confidence level
on the extra contribution to the CEεNS rate due to new
physics:

-2.10 <!N
PA,S1+S2
sig < 2.01 (PandaX → 4T, S1 + S2)

-5.79 <!N
PA,S2
sig < 35.59 (PandaX → 4T, S2 only)

-10.50 <!N
XE,S1+S2
sig < 9.71 (XENONnT, S1 + S2)

(20)

By imposing that the event rate for a given parameter
point shall not exceed these limits, we find the upper
limits on the new mediator mass mω or mZ→ , and on the

product of couplings gεgq shown in Fig. 3. The four pan-
els of this figure correspond to a scalar mediator with
universal couplings to quarks according to Eq. (12) (top
left), a scalar mediator with quark mass-dependent cou-
plings (top right), a vector mediator according to Eq. (18)
(bottom left), and a leptophilic scalar (bottom right).
We have verified our procedure by checking that our up-
per limit on a new heavy vector mediator is comparable
to the limit on new four-fermion interactions derived in
Ref. [15]. For this comparison, we relate the couplings
gε , gq to the dimensionless parameters ϑq from Ref. [15]
via ϑq = gεgq/(2

↑
2GFm

2
Z→).

The qualitative shape of the PandaX-4T and
XENONnT bounds is the same in all panels of Fig. 3:

Despite larger thresholds 
XENONnT wins at low-mass 
due to upward fluctuation in 
PandaX S2. 

Blanco-Mas, Coloma, Herrera, Huber, Kopp, IMS, Tabrizi [2411.14206] 



Important lesson: 
Don’t re-invent the wheel

If Dark Matter experiments can be a tool for neutrino physics, 
can neutrino experiments become a tool for DM? 



DM Direct Detection
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Very challenging to probe sub-GeV Dark Matter if you’re stuck with galactic speeds (~200 km/s). 



Dark matter events in the CsI detector: We use
the BdNMC [35] simulation package to predict the
DM flux in Neutrino Alley along with the scattering
rate and kinematics within our detectors. BdNMC
is versatile, calculating DM production and detec-
tion through several channels. Coherent elastic DM-
nucleus scattering has been implemented specifically
for CEvNS experiments.

The dominant production channels for portal par-
ticles at the SNS are ⇡0 ! �+V decay, ⌘0 ! �+V
decay, and p + N ! p + N + V bremsstrahlung.
Production from ⇡0 decay, ⌘0 decay, and pro-
ton bremsstrahlung dominate for DM masses be-
low 40 MeV/c2, between 40 and 130 MeV/c2, and
above 130 MeV/c2, respectively. We do not have
sensitivity for m� > 220 MeV/c2, beyond which
bremsstrahlung is kinematically forbidden. With a
GEANT4 [36] simulation, we predict 0.107 ±10% ⇡0

produced per proton incident on the target [37]. For
our most sensitive masses, ⇡0 decay dominates the
sensitivity. The production of portal particles from
⇡0 decay is given by the branching ratio

Br(⇡0 ! �V )

Br(⇡0 ! ��)
= 2"2

✓
1� m2

V

m2
⇡

◆3

(2)

for mV < m⇡ [38] which is proportional to the ex-
pected DM flux. Though the beam energy at the
SNS, Tp ⇡ 0.98 GeV, is slightly lower than the pro-
duction threshold for p+ p ! p+ p+ ⌘0 production,
there are ⌘ mesons produced in the target due to
the Fermi momentum of mercury [39]. A calcula-
tion of this sub-threshold production [40] suggests
that about 0.002 ±30% ⌘0 are produced per ⇡0 at
the SNS. BdNMC predicts the timing of scattering
events which typically scatter within a few ns of the
speed-of-light-delayed DM production in the target.
As this is a small delay, we assume all DM we study
travels at the speed of light.

To lowest order, the di↵erential cross section in
recoil energy, Er, is

d�

dEr
= 4⇡↵D↵"2Z2 2mNE2

�

p2�(m
2
V + 2mNEr)2

(3)

where ↵ is the electromagnetic fine structure con-
stant, mN is the nuclear mass, and p� and E� are
the incident DM momentum and energy. The event
rate is given by the flux ⇥ the cross section and thus
depends on the couplings as / "4↵D / Y 2/↵D. The
scattering model used for our sensitivity estimates
presented in [41] had a calculation error with the
definition of Q2 = 2mNEr, described in [27], that
has now been fixed. We have confirmed event rates
predicted by BdNMC using this new model with an
independent, cross-check calculation from COHER-
ENT.
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Figure 1. The expected spectrum of coherent DM scat-
tering signal in CsI from both galactic and SNS-produced
DM for a mass of 25 MeV/c2, near our optimal sensitiv-
ity. Though the rate for galactic DM is higher, the recoil
energies are far below threshold while we select 26% of
DM produced at the SNS.

For m� = 25 MeV/c2, the expected average recoil
energy is 9 keV, just at our analysis threshold. The
spectra of interacting DM in our CsI detector are
shown in Fig. 1 for both galactic and SNS-produced
DM assuming a DM mass at our peak sensitivity,
m� = 25 MeV/c2. The prediction of the galac-
tic recoil spectrum assumes a local DM density of
0.3 GeV/cm3 near Earth with a Boltzmann speed
distribution with v/c ⇡ 0.001 [42]. Though fewer
interactions are expected for SNS-produced DM, the
typical recoil energy is higher than for galactic DM
by a factor of 106 allowing for detection of 26% of
the SNS-produced DM.

The detector response for DM recoil events is as-
sumed to be the same as for CEvNS, described in
[30], apart from quenching at high recoil energies.
All data used to fit our quenching model were taken
at Erec < 70 keVnr. This is su�cient to cover all
CEvNS recoils; however a small percentage of DM-
induced recoils lie beyond this point. For recoil ener-
gies above 70 keVnr, we assume a constant quench-
ing factor, (9.8± 1.8)%, which is the quenching and
uncertainty implied by our fit at 70 keVnr.

Data analysis: We performed a search for light
DM particles in our CsI data collected during SNS
operations. The analysis was blinded, defining all
selection cuts, uncertainties, and fitting methods be-
fore determining the observed data spectrum. The
DM scattering model, however, was updated after
box-opening to correct an error discovered in the co-
herent cross section. The corrected version is given
by Eqn. 3.

We used the same event reconstruction used to
determine the CEvNS cross section [30]. We also
applied the same event selection, except that the
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COHERENT Strategy for DM: make it

16

Optimized use of neutrino facility in beam dump mode, steering 
beam off-target to minimize the neutrino background 

[proposals - Batell et al ’09, ’14, deNiverville et al ’11, ’12, ’16, + MiniBooNE ’12]

MiniBooNE beam dump

~2x1020 POT at FNAL Booster

Exploits ~10 years prior work to characterize flux, detector response and backgrounds

COHERENT as a “dark matter beam”

16

Optimized use of neutrino facility in beam dump mode, steering 
beam off-target to minimize the neutrino background 

[proposals - Batell et al ’09, ’14, deNiverville et al ’11, ’12, ’16, + MiniBooNE ’12]

MiniBooNE beam dump

~2x1020 POT at FNAL Booster

Exploits ~10 years prior work to characterize flux, detector response and backgrounds

anomalous recoils from “CEDNS”

Batell, Pospelov, Ritz [0906.5614]
deNiverville, Pospelov, Ritz [1505.07805]
Shao-Feng Ge, IMS (JHEP 2018), …

photon are

L � LX �
1

4
F

0
µ⌫F

0µ⌫ +
1

2
m

2
V 0V

0µ
V

0
µ � ✏Fµ⌫F

0µ⌫ (2.1)

where the DM portion of the Lagrangian is

L = iX̄ /DX �mXX̄X (2.2)

with Dµ ⌘ @µ � igXV
0
µ being the covariant derivative and gX the gauge coupling. Strictly speaking

we suppose that the dark photon kinetically mixes with the SM hyper-charge field strength, which

then induces mixing with both the Z boson and the SM photon after EW symmetry breaking.

Throughout, we work directly with the low-energy photon-dark photon mixing parameter ✏. Details

on the procedures for diagonalization and canonical normalization are provided in [11].

In our analysis of TEXONO and COHERENT data we will always assume the mass hierarchy,

mV 0 > 2mX , such that the decay V
0
! X̄X is allowed. This assumption has ramifications for the

thermal relic abundance of DM. First it means that pair annihilation, X̄X ! V
0
V

0, is not permitted.

Then the only annihilation mode for DM is X̄X ! f̄f , where f is one of the EM charged particles

of the SM.

The annihilation to EM charged states as predicted in this setup, leads to strong constraints from

CMB data [12]. In fact current data is su�ciently strong to completely rule out s-wave annihilation

for sub-GeV DM if its annihilation is dominated by EM-charged states. Two simple ways out of this

conclusion, are to suppress CMB constraints either via assuming (1) p-wave annihilating DM, or (2)

to introduce a particle/antiparticle asymmetry for DM. While the CMB constraints are completely

negligible for p-wave annihilation they can still be relevant at limiting the particle-to-antiparticle

ratio for asymmetric DM [13, 14, 15].

To obtain p-wave annihilation the photon portal model would have to invoke scalar DM, while

the asymmetric DM case can accommodate either fermionic or scalar DM. For simplicity here we

focus on fermionic DM, and expect the derived TEXONO and COHERENT bounds to be similar

for scalar DM.

3. TEXONO’s Compton-Like Constraint

In this section, we build on the recent work in [16] which considered dark photon constraints from

reactor neutrino experiments. Unlike [16] however, here we allow for the dark photon to decay to

pairs of light DM which then subsequently scatter.

The fission process of a thermal reactor can produce a large quantity of prompt [16] �-rays,

dN�

dE�
= 0.58⇥ 1021

✓
P

GW

◆
exp

✓
�

E�

0.91MeV

◆
. (3.1)

With a typical thermal power of the order, P ⇠ O(GW), around O(1021) of photons are produced at

O(MeV) energies. These �’s can scatter with electrons in the reactor to produce dark photon V
0 in

3

*CEDNS = DM version of CEvNS
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Figure 2. The observed, SSBkg-subtracted recoil spec-
tra in the DM timing ROI (top) and the background
control sample (bottom) compared to the best-fit pre-
diction with no DM. The expected DM distribution
at the 90% limit is stacked on the SM prediction for
m� = 25 MeV/c2.

up to 5⇥ suggesting that future, large-scale CEvNS
detectors will be successful in ambitiously limiting
light DM models. With the current dataset, we can
reject coupling parameters consistent with cosmo-
logical DM for masses between 20 and 33 MeV/c2

assuming ↵D = 0.5. The constraint is strongest at
m� = 25 MeV/c2 where we can eliminate the scalar
target for all ↵D < 0.64.

Additionally, as there are few accelerator-based
searches for DM that test the DM-quark coupling,
we also compare our constraint to both astroparti-
cle and accelerator-based searches of light DM sen-
sitive to the quark coupling. Comparisons to as-
troparticle results are made by averaging the coher-
ent DM-nucleus cross section given in Eqn. 3 with
couplings determined by our constraint over the ve-
locity distribution expected for the DM halo near
Earth [42]. This result is also shown in Fig. 3. Our
constraint improves on all constraints of the DM-
quark coupling for masses below 166 MeV/c2 where
COHERENT data probes more than an order of
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Figure 3. Constraint of DM parameter space for CO-
HERENT CsI data compared to other experimental
data, assuming ↵D = 0.5 (top). The parameters which
give the observed relic abundance for scalar DM are also
shown. We also show constraints on the DM-nucleon
scattering cross section, averaged over the DM halo ve-
locity distribution compared to constraints of the DM-
quark coupling of light DM (bottom).

magnitude of previously untested parameter space.
At higher masses, astroparticle experiments exploit-
ing the Migdal e↵ect [47–49] dominate [50, 51] with
an additional constraint from CRESST-III [52].

As our constraint depends on our particular choice
of ↵D, we can explore this parameter by constraining
the values of ↵D for which we reject the relic abun-
dance at 90%, as shown in Fig. 4. For a given DM
mass, the relic abundance is given by a fixed value
of Y . Decreasing ↵D while holding Y fixed at the
relic abundance increases " / 1/

p
↵D such that the

overall signal rate expected in COHERENT, which
scales like "4↵D / 1/↵D, increases. Thus, we show
the lower bounds for allowed ↵D. For scalar DM,
we constrain the cosmological abundance with very
conservative choices of ↵D. However, if DM is a
Majorana or a pseudo-Dirac fermion, significant pa-
rameter space remains. In the future, with larger
detectors sensitive to lower nuclear recoils, CEvNS
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tra in the DM timing ROI (top) and the background
control sample (bottom) compared to the best-fit pre-
diction with no DM. The expected DM distribution
at the 90% limit is stacked on the SM prediction for
m� = 25 MeV/c2.

up to 5⇥ suggesting that future, large-scale CEvNS
detectors will be successful in ambitiously limiting
light DM models. With the current dataset, we can
reject coupling parameters consistent with cosmo-
logical DM for masses between 20 and 33 MeV/c2

assuming ↵D = 0.5. The constraint is strongest at
m� = 25 MeV/c2 where we can eliminate the scalar
target for all ↵D < 0.64.

Additionally, as there are few accelerator-based
searches for DM that test the DM-quark coupling,
we also compare our constraint to both astroparti-
cle and accelerator-based searches of light DM sen-
sitive to the quark coupling. Comparisons to as-
troparticle results are made by averaging the coher-
ent DM-nucleus cross section given in Eqn. 3 with
couplings determined by our constraint over the ve-
locity distribution expected for the DM halo near
Earth [42]. This result is also shown in Fig. 3. Our
constraint improves on all constraints of the DM-
quark coupling for masses below 166 MeV/c2 where
COHERENT data probes more than an order of

)2 (MeV/cχm
1 10 210

4 ) V
/m χ

(m
D

α2 ε
Y=

12−10

11−10

10−10

9−10

Relic
 ab

un
da

nc
e (

sca
lar

)

 = 0.5Dα

χ = 3mVm

COHERENT CsI

LSND
E137
BaBar
MiniBooNE e/N
NA64
CCM

)2 (MeV/cχm
1 10 210

 (p
b)

pχ
σ

1−10

1

10

210

310

410

510

Relic abundance (scalar)

COHERENT CsI

 = 0.5Dα
 = 3χ/mVm

MiniBooNE
CCM

Xenon-1t
CDEX
CRESST-III

Figure 3. Constraint of DM parameter space for CO-
HERENT CsI data compared to other experimental
data, assuming ↵D = 0.5 (top). The parameters which
give the observed relic abundance for scalar DM are also
shown. We also show constraints on the DM-nucleon
scattering cross section, averaged over the DM halo ve-
locity distribution compared to constraints of the DM-
quark coupling of light DM (bottom).

magnitude of previously untested parameter space.
At higher masses, astroparticle experiments exploit-
ing the Migdal e↵ect [47–49] dominate [50, 51] with
an additional constraint from CRESST-III [52].

As our constraint depends on our particular choice
of ↵D, we can explore this parameter by constraining
the values of ↵D for which we reject the relic abun-
dance at 90%, as shown in Fig. 4. For a given DM
mass, the relic abundance is given by a fixed value
of Y . Decreasing ↵D while holding Y fixed at the
relic abundance increases " / 1/

p
↵D such that the

overall signal rate expected in COHERENT, which
scales like "4↵D / 1/↵D, increases. Thus, we show
the lower bounds for allowed ↵D. For scalar DM,
we constrain the cosmological abundance with very
conservative choices of ↵D. However, if DM is a
Majorana or a pseudo-Dirac fermion, significant pa-
rameter space remains. In the future, with larger
detectors sensitive to lower nuclear recoils, CEvNS
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Testing the Thermal Relic Hypothesis

CEvNS experiments can also play a 
leading role in DM direct detectionSensitivity to viable thermal relics!



More fun with CEvNS to come

CONNIE, SBC-LAr10, RICOCHET, MINER, 
COHERENT, Coherent CAPTAIN Mills 
coming up today/tomorrow



Conclusions
•CEvNS experimental program is multifaceted & rapidly 
expanding.  

•Offers powerful probe of a variety of new physics 
scenarios. 

• On the neutrino side: NSI, neutrino EM properties, and 
sterile neutrinos. 

• Can also be viewed as a DM factory, and test well-motivated 
ideas for light DM.  



Extras


